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ABSTRACT 
The phenomena of  h e a t  t r a n s f e r  ac ross  t h e  i n t e r f a c e  of  discontinuous 
materials has received cons iderable  a t t e n t i o n  dur ing  t h e  l a s t  two decades. 
With the  advances i n  space technology and r e l a t e d  e l e c t r o n i c  systems, a 
c o n s i s t e n t ,  unique, and e f f e c t i v e  means f o r  r e l i a b l y  p r e d i c t i n g  imposed 
thermal r e s i s t a n c e s  t o  design hea t  loads  has been a research  top ic .  
review, eva lua t ion ,  comparison, and u t i l i z a t i o n  of c u r r e n t  l i t e r a t u r e  i n  
t h i s  f i e l d  c l e a r l y  i n d i c a t e s  a need fol- a s i m p l i f i e d  experimental ,  design- 
o r i en ted  approach f o r  p red ic t ing  t h e  thermal r e s i s t a n c e  of a bo l t ed  l a p  
j o i n t .  
A 
In t h i s  paper such a method is  presented. Experimental work is given 
for comparison purposes wi th  c u r r e n t  l i t e r a t u r e ,  and a q u a l i t a t i v e  2naly- 
sis is made on p resen t  t h e o r i e s  t o  demonstrate t h e  inhe ren t  d i f f i c u l t i e s  
in combining a l l  of t h e  r e l a t i v e  v a r i a b l e s  r e l a t e d  t o  a t h e o r e t i c a l l y  
approximate so lvab le  set of  equations.  
i 
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I. INTRODUCTIOX 
I n  nany mechanical design problems, i t  is  very important t o  know the  
thermal conduct ivi ty  of bo l ted  o r  r i v e t e d  j o i n t s  used i n  t h e  design. 
may be  generated on one s i d e  of a j o i n t ,  whereas t h e  o t h e r  s i d e  may be 
a c t i n g  as a hea t  s ink .  
bo l t ed  t o  t h e  framework of a space vehic le .  
t r ical  components m u s t  be d i s s ipa t ed  by e i t h e r  conduction through the  
mounting j o i n t s  o r  by a r e f r i g e r a t i o n  system. I f  t h e  maximum des i r ed  tem- 
pe ra tu re  of t he  electrical  package and t h e  temperature of t he  s i n k  (vehic- 
l e  framework) are known along wi th  the  thermal c o n d u c t i v i t i e s  of t h e  i n t e r -  
mediate j o i n t s ,  then the  amount of  hea t  which w i l l  be  d i s s i p a t e d  t o  rhe  
s i n k  can be  ca lcu la ted .  The d i f f e rence  between t h e  hea t  generated and t h e  
hea t  d i s s ipa t ed  i s  t h e  amount of  r e f r i g e r a t i o n  needed t o  properly cool  t h e  
e l e c t r i c a l  r x k a g e .  However, if t h e  j o i n t  thermal conduc t iv i t i e s  are no t  
known, then a properiy s i z e d  r e f r i g e r a t i o n  system cannot be designed. 
Much work has gone i n t o  developing an a n a l y t i c a l  method of  predic-  
Heat 
An example of  t h i s  could be an electrical package 
Heat generated by t h e  elec- 
t i n g  these  conduc t iv i t i e s ,  bu t  t h e r e  are cany inherent  d i f f i c u l t i e s  i n  the  
var ious approar’les. The stress and hea t  t r a n s f e r  p a t t e r n s  are three-  
dimensional, wi th  d i s c o n t i n u i t i e s  a t  the  j o i n t  i n t e r f a c e  which make a theo- 
re t ical  p red ic t ion  of thermal conductance extremely complicated. The accu- 
racy of suct; a pred ic t ion  is lessened by the  numerous approximations which 
must be made so L i t a t  t he  a n a l y t i c a l  equat ions  can be app l i ed  t o  ciil a c t u a l  
s i t u a t i o n .  Another d i f f i c u l t y  is encountered i n  t r y i n g  t o  i n t e r p r e t  t he  
e f f e c t  of the  s u r f a c e  rougliness a t  t h e  j o i n t  interf: .  
t i z n s ,  p l a t e  de f l ec t ions ,  and thermal conduc t iv i t i e s .  The o b j e c t i v e  of 
on stress d i s t r i b u -  
1 
2 
t h i s  s tudy is  t o  develop a convenient and accura te  method of  p red ic t ing  t h e  
t h e r m 1  conduct ivi ty  of fas tened j o i n t s .  
A method which shows cons iderable  promise is t h e  Equivalent Fin Method 
(Em) and is the  method of primary concern i n  t h i s  study. I n  t h e  r e s u l t s  
of  t h i s  s tudy,  the  EFM is used i n  a conparison with previous s t u d i e s .  
EFM as derived i n  t h i s  s tudy w i l l  determine a j o i n t  thermal conduct iv i ty  
which, when appl ied  t o  the  problem a t  hand, w i l l  r epresent  t h e  thermal con- 
d u c t i v i t y  of a piece  of metal with a thicknes? and width equal  to t h a t  of 
t h e  parent  metal from which the  j o i n t  is formed, and wi th  a length  equal  
to the  length  of over lap  of t he  j o i n t .  
considered t o  be  a s e c t i o u  of homogenous metal wi th  a known thermal con- 
duc t iv i ty .  
The 
The j o i n t  conglomerate can then  be 
The f i r s t  p a r t  of the experimental  work w a s  an  i n v e s t i g a t i o n  of t h e  
de f l ec t ions  i n  t h e  j o i n t  caused by b o l t i n g  or r i v e t i n g  the  j o i n t .  
and a l l  of t he  experimental  work on t h i s  p r o j e c t ,  a bo l t ed  l a p  j o i n t  w a s  
used as p ic tu red  i n  Figures 1-1, 1-2, and 1-3. 
na t iona l  coarse ,  s tandard  buttor.-head b o l t s  cons t ruc ted  to  c l o s e  to l e rances  
from 4140 carbon steel. 
terial, bu t  a l l  had the  f o l l o w i i : ~  dimensions : 
For t h i s  
The b o l t s  used are 3/8 inch ,  
A l l  p l a t e s  d i f f e r  i n  su r face  f i n i s h  and p l a t e  ma- 
P l a t e  th ickness  = t = c7.1875 in .  
Bolt hole  diameter = 2 t  = 0.375 in .  
P l a t e  over lap  = 10t = 1.575 i n .  
P l a t e  width = 30t = 5.625 in .  
Plate length = 25t = 4.69 in .  
Included i n  t h e  d e f l e c t i o n  s t u d i e s  was a p h o t o e l a s t i c  i n v e s t i g a t i o n  
of bo l t ed  plates where an a t t e m p t  was made tc determine the  normal stresses 



6 
produced a t  the p l a t e  i n t e r f a c e  by t h e  b o l t s .  This  helped d e f i n e  t h e  
point  a t  which t h e  normal stress decays t o  zero ( r  ) which is  a l s o  t h e  
poin t  where t h e  p l a t e s  a r e  no longer  i n  phys ica l  contact .  
Q 
J o i n t  thermal conduct ivi ty  measurements comprised t h e  f i n a l  experi-  
mental e f f o r t s .  Temperature p r o f i l e s  along t h e  p l a t e s  were measured 
with a torque on t h e  b o l t s  and a thermal load on t h e  j o i n t ,  Thermal 
conduct iv i t ies  were then c a l c u l a t e d  using t h e  EFM. 
were made i n  a vacuum t o  give minimuin hea t  l o s s e s  and a t  standazd atmos- 
pher ic  pressure  f o r  comparison purposes. 
These measurements 
The des i red  r e s u l t s  of t h i s  s tudy was t o  develop an accura te  method 
which a design engineer  could use i n  determining t h e  conduct ivi ty  of 
fastened j o i n t s .  This  r e p o r t  w i l l  show t h a t  t h e  EFM can be used as t h a t  
t o o l .  
11. TECHNICAL D I S C U S S I O N  
A. LITERATURE SURVEY AND REVIEW OF APPROACHES 
A survey of l i t e ra ture  concerned wi th  t h e  thermal c o n d u c t i v i t i e s  
of  b o l t e d  j o i n t s  and r e l a t e d  s u b j e c t s  revealed many at tempts  a t  pre- 
d i c t i n g  t h e  inf luence  of var ious  parameters on j o i n t  conduct ivi ty .  
Some i n v e s t i g a t o r s  have t r i e d  t o  correlate t h e s e  v a r i o u s  inf luences  
i n t o  c l a s s i c a l  methods of p r e d i c t i n g  j o i n t  thermal conduct ivi ty .  How- 
eve r ,  t h e  number of v a r i a b l e s  which must e n t e r  i n t o  any c o r r e l a t i o n  of 
t h i s  type i s  l a r g e .  Among t h e s e  are i n t e r f a c e  normal pressure ,  i n t e r -  
f a c e  s u r f a c e  f i n i s h  and waviness, m a t e r i a l  hardness,  material thermal 
conduct ivi ty ,  j o i n t  temperature,  i n t e r s t i t i a l  f l u i d  type  and pressure ,  
geometry of  t h e  j o i n t ,  maximum amount o f  pre-load, amount of cycl ing,  
and elapsed time s i n c e  j o i n t  cons t ruc t ion .  Although many of t hese  
v a r i a b l e s  have been i n v e s t i g a t e d  i n  var ious  p i e c e s  o f  l i t e r a t u r e ,  no 
s i n g l e  study has  c o r r e l a t e d  more than a few of these.  Thus, t h e r e  i s  
no accura te  way t o  p r e d i c t  t h e  thermal conduct iv i ty  of bo l ted  j o i n t s .  
I n  t h i s  s tudy t h e  i n v e s t i g a t o r s  w i l l  demonstrate a convenient and 
accura te  method of determining j o i n t  thermal c o n d u c t i v i t i e s .  
Even though a complete s o l u t i o n  t o  t h e  problem has not  been de- 
veloped, previous s t u d i e s  have produced va luable  information i n  es- 
t a b l i s h i n g  t r ends  of in f luence  for many of t h e  p e r t i n e n t  v a r i a b l e s .  
This  information and t h e  information obtained i n  t h i s  s tudy  w i l l  be 
used t o  genera l ize  t h e  e f f e c t  of each of  t h e s e  v a r i a b l e s  on j o i n t  
thermal conduct ivi ty .  
7 
8 
Much of t h e  previous work has been concentrated on p a i r s  of 
cyl inders  o r  blocks wi th  t h e i r  mating s u r f a c e s  under uniform pressure  
(References 3, 4, 8, 9, 10, 11, 12, 13, 14, 16, and 18 ) .  The d a t a  
obtained from these  s t u d i e s  can no t  be used d i r e c t l y  t o  p r e d i c t  t h e  
thermal conduct ivi ty  of b o l t e d  j o i n t s  because t h e r e  has  been no con- 
s i d e r a t i o n  given t o  t h e  inf luence  of t h e  b o l t  o r  r i v e t ,  t o  t h e  non- 
uniform pressure  d i s t r i b u t i o n  produced by t h e  b o l t s  o r  r i v e t s ,  o r  t o  
t h e  r e s u l t i n g  p l a t e  def lec t ions .  This d a t a  must be coupled with 
c o r r e l a t i o n s  involving p l a t e  geometry and mechanical responses of 
t h e  p l a t e s  due t o  such th ings  as temperature grad ien ts ,  torquing, and 
creep,  This viewpoint is a l s o  expressed i n  Reference 5 ,  and states 
t h a t  "Data taken from machined blocks under var ious contac t  pressvres  
and s u r f a c e  f i n i s h e s  i s  n o t  appl icable  t o  r i v e t e d  a i r c r a f t  s t r u c t u r a l  
j o i n t s " .  Reference 1 presents  a p h o t o e l a s t i c  photo which c l e a r l y  in- 
d i c a t e s  t h e  nonuniform i n t e r f a c e  stresses and t h e  a c t u a l  p l a t e  def lec-  
t i o n s .  
I n  Reference 7,  a noteworthy at tempt  i s  made a t  a classical  solu- 
t i o n  t o  t h e  j o i n t  conductance problem consider ing a s  many v a r i a b l e s  a s  
poss ib le .  The i n v e s t i g a t o r s  on t h i s  p r o j e c t  f e e l  t h a t  t h e  c l a s s i c a l  
approach .-.an only produce a very complicated set  of equat ions t h a t  
must he  solved on a computer and w i l l  have b u i l t - i n  e r r o r s  due t o  t h e  
assumptions and approximations which must be  made. 
The secondary o b j e c t i v e  of  t h i s  study i s  t o  provide some quanti-  
t a t i v e  d a t a  i n  t h e  a r e a  of p l a t e  r e a c t i o n s  t o  loading condi t ions.  
erences 2 ,  5 ,  and ? have shown +ha t  such th ings  a s  i n t e r f a c e  contac t  
area, normal pressure  d i s t r i b u t i o n ,  and p l a t e  d e f l e c t i o n s  are important 
Ref- 
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i n  analyzing j o i n t  i n t e r f a c e s . ,  No t h e o r e t i c a l  a n a l y s i s  w i l l  be  done i n  
t h i s  study. However, dLLa w i l l  be taken t o  def ine  t h e  r e a c t i o n  t r ends  
of t h e  test  p l a t e s  t o  the  parameters of b o l t  torque, thermal g r a d i e n t s ,  
and r e l a x a t i o n  time. 
B. THE EQUIVALENT FIN METHOD 
The der iva t ion  of t h e  EFM equat ions i s  extremely simple and can be 
done using t h e  sample temperature d i s t r i b u t i o n  shown i n  Figure 11-1. 
l 
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Figure 11-1. Sample temperature d i s t r i b u t i o n ,  
I f  t h e  j o i n t  is properly i n s u l a t e d  aga ins t  hea t  l o s s ,  then t h e  h e a t  
flow i n  s e c t i o n s  1 and 3 is  one dimensional and t h e  following equat ion 
can be w r i t  ten: 
10 
= heat  flowing through sec. 1, 
q2 = heat  flowing through sec. 2,  
q3  = hea t  flowing through sec. 3, 
kl = k3 = thermal conduct iv i ty  of t h e  j o i n t  material = k, and 
A1 = A 
41 where 
= Cross-sectional area of t h e  p l a t e s  = A, 
3 
I f  s e c t i o n  2 is replaced wi th  a s i n g l e  p iece  of metal  having a cross- 
s e c t i o n  equal  t o  A, then 
where xe = t h e  equiva len t  l e n g t h  of s e c t i o n  2. Since q1 = q2 and q2 = 
then  -k2A - , AT2 
x 2  
dx 
k A E )  = k A -  A T2 = k A ,  
2 
1 x2 dx 
and k z )  = k 2 - = k E )  OT2 
dx 1 x2 dx 3 
Combining equat ions 1 and 2 and s o l v i n g  f o r  k t h e  following e q w t i o n  
i s  obtained:  
2' 
x2 
xe 
k 2 = - k  
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This i s  t h e  b a s i c  EFM equat ion;  and by graphica l ly  determining x,, one 
can determine t h e  thermal conduct ivi ty  of  t h e  j c i n t  (k2) .  Equation 3 
can be appl ied t o  s e c t i o n s  1 and 2 ,  t e  s e c t i o n s  2 ana f,, o r  both,  and 
the  r e s u l t s  averaged, which would minimize e r r o r s  due t o  h e a t  l o s s e s  
and would give Fore accura te  r e s u l t s .  Fur ther ,  Equation 3 can be  
w r i t t e n  a s  follows: 
(equation 4 f o r  s e c t i o n s  
1 and 2)  
(equation 4 f o r  s e c t i o n s  
2 and 3). 
Again, c d c u l a t i o n s  can be performed using e i t h e r  o r  both of t hese  
equations and t h e  resd ts  averaged t o  g ive  an accura te  determinat ion 
of k2. 
study and with da t a  given i n  References 5 and 7 f o r  a comparison, 
This procedure was followed with t h e  data o b t a i i e d  i n  t h i s  
The e f fec t iveness  of t h e  EM method can be determined bv consid- 
e r i n g  an "ideal" j o i n t  f o r  which t h e  temperature d i s t r i b u t i o n  and t h e  
thermal conduct ivi ty  i s  known. Reference 5 measured t h e  temperature 
d i s t r i b u t i o n  f o r  t h e  " ideal"  j o i n t  shown ir! Figure 11-2. Also shown 
on t h j s  p l o t  i s  t h e  i d e a l  temperature d i s t r i b u t i o n  c a l c u l a t e d  ns 
follows : 
a 1  = 42 = 4 3  = q ( for  no hea t  l o s s e s )  
3 
dx 
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f o r  an Ideal J o i n t  
1 3  
A-) dT = 2 A ; )  dT = A z )  dT 
3 
dx 
1 2 
dT dT dT 
dx 
TherefoLe, - ) = ; ) = 2 ;;;; ) . Using the  i d e a l  d i s t r i b u t i o n  
2 3 
and t h e  EFM, k 
A, can be ca l cu la t ed  as follows: 
f o r  s e c t i o n  2 with an equ iva len t  c ross -sec t iona l  a r ea ,  2 
- 
x2 1.0 
k2 = - k  =-k = 2k. 
X 0.5 e 
Therefore,  t h e  i d e a l  conduct iv i ty  f o r  a n  i d e a l  j o i n t  having p e r f e c t  
i n t e r f a c e  the rna l  contac t  is twice the  conduct iv i ty  of t h e  p l a t e  ma- 
terial. This i l l u s t r a t i o n  does n c t  take  i n t o  cons ide ra t ion  the  addi- 
t i o n a l  c ross -sec t iona l  area of t h e  b o l t  head and nut  which w i l l  con- 
t r i b a t e  t o  t h e  o v e r a l l  hea t  t r a n s f e r  area across a j o i n t .  The a c t u a l  
"ideal" conduct iv i ty  may be  i n  t h e  neighborhood of 2.2k i n s t ead  of 
2.0k as is -:.own in Figure 11-3. 
A l l  real j o i n t s  will have c o n d u c t i v i t i e s  less than t h e  approxi- 
mate i d e a l  f i g u r e  of 2.2k because real p l a t e  i n t e r f a c e s  have i r regu-  
lari t ies which w i l l  r z s i s t  t h e  flow of hea t  ac ross  t h e  i n t e r f a c e .  I f  
t he  i n t e r f a c e  r e s i s t a n c e  is  low andlor  i f  t h e  i n t e r f a c e  area of con- 
t ac t  i s  l a r g e  (two o r  t h ree  times as large as t h e  j o i n t  cross- 
s e c t i o n a l  a r e a ,  A,)  theti t he  average temperature drop ac ross  t h e  
i n t e r f a c e ,  ATI ,  is small. The j o i n t  thermal conduct iv i ty  w i l l  
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the re fo re  be determined p r imar i ly  by the  conduct iv i ty  of t h e  p la t t t  
material and the  c ross -sec t iona l  area of t h e  j o i n t  and w i l l  approach 
t h e  i d e a l  conduct iv i ty  of 2.2k. 
thermal conduct iv i ty  w i l l  be determined by both t h e  p l a t e  thermal 
conduct iv i ty  and t h e  i n t e r f a c e  conductance. I n  t h i s  case t h e  j o i n t  
conductiGity w i l l  be i n  t h e  neighborhood of  1.5k, l.Ok, or 0.5k. 
I f  A T I  is no t  small, then  the  j o i n t  
It must be pointed ou t  t h a t  an i n t e r f a c i a l  material o r  f l u i d  
can g r e a t l y  in f luence  t h e  i n t e r f a c e  conductance and, consequently, 
t h e  j o i n t  conduct iv i ty .  A l l  d a t a  presented  i n  t h i s  r e p o r t  w i l l  b e  
from c lean ,  b a r e  metal i n t e r f a c e  su r faces  i n  a vacuum environment. 
Reference 5 p resen t s  some d a t a  where i n t e r f a c i a l  ma te r i a l s  a r e  pre- 
sent. References 11 and 1 7  a l s o  worked wi th  i n t e r f a c i a l  ma te r i a l s .  
C. PHOTOELASTIC STUDY 
One of t h e  o b j e c t i v e s  of t h e  d e f l e c t i o n  s t u d i e s  was t o  attempt 
to d e f i n e  t h e  a c t u a l  i n t e r f a c e  con tac t  a r e a  f o r  t h e  tes t  specimens. 
The o u t e r  rad ius  of t h e  con tac t  zone, Rr, would be t h e  po in t  a t  
which the  i n t e r f a c e  normal p re s su re  became zero.  Through the  use 
of p h o t o e l a s t i c i t y ,  a normal p re s su re  d i s t r i b u t i o n  p l o t  was made 
fo r  a j o i n t  i n t e r f a c e  and Rr w a s  determined. 
The model used f o r  t h i s  s tudy  was composed of two p l a s t i c  p l a t e s ,  
A t e n s i l e  1/8" x 4" x 4", with  a 1/4" button-head b o l t  a t  t h e  cen te r .  
load of 25 l b s .  w a s  used on the  b o l t ,  which corresponds t o  a 4800 l b .  
load on t h e  metal p l a t e s  used i n  t h i s  s tudy ,  
i n  the p l a s t i c  p l a t e s  a t  t h i s  load  and t h e  stress d i s t r i b u t i o n ,  shown 
i n  Figure 11-4, was obta ined  through p h o t o e l a s t i c  techniques. The 
values of nonnal stress on the  o r d i n a t e  scale have been sca l ed  up t o  
represent  t he  stresses i n  metal plates. 
The stresses were f rozen  
16 
6000 
5000 
n 
I4 g 4000 
VI 
In 
Q) 
k 
u 
v1 
rl 
&4 
0 z 
2 3000 
2000 
1000 
0 
Pho toe la s  t i c  Model 
Edge of bolthead is 
at  1 .6  inches from 
the bol t  hole 
d-- -+------I- 
0,4 ,d 
B.E. I \ 
0 0 .1  0 .2  0.- 
U 3 
Radial Distance From Hole (inches) 
Figure 11-4. Stress distribution for  
Photoelastic model 
17 
A t  a r a d i a l  d i s tance  of approximately 0.28 inches from t h e  b o l t  
ho le ,  t h e  normal stress is  zero.  Outside this r ad ius  t h e  compressive 
stress becomes a t e n s i l e  stress. This was unexpected and thought t o  
be s t r ange .  The same s o r t  of t e n s i l e  stress was found by E. Coker 
and L. F i lon  i n  a p h o t o e l a s t i c  s tudy c i t e d  by Aron and Colombo i n  
Reference 1. I t  was concluded i n  the  p h o t o e l a s t i c  s tudy conducted by 
Coker and Fi lon t h a t  t he  poin t  of zero stress is  independent of t h e  
load appl ied  and w a s  dependent only on t h e  th ickness  of t h e  beam. 
Aron and Colombo showed two photographs of i d e n t i c a l  p h o t o e l a s t i c  
models where a small load w a s  appl ied  t o  t h e  f i r s t  model and a l a r g e  
load t o  t h e  second. The a r e a  of contact  i s  v i r t u a l l y  constant  for 
both loads.  
Since only one load w a s  used i n  t h i s  p h o t o e l a s t i c  s tudy,  no con- 
f i rmat ion  can be made as to t h e  independence of t h e  contac t  a r e a  t o  
load. It i s  t h e  opinion of  t h i s  i n v e s t i g a t o r  t h a t  Aron and Colombo's 
conclusion is correct. Reference 7 a l s o  presented d a t a  which supports  
t h i s  conclusion. 
The p l a t e  thickness  and b o l t  diameters f o r  t h e  d e f l e c t i o n  test 
specimens were 3/16" and 3/8" r e s p e c t i v e l y ,  which is i n  t h e  same r a t i o  
a s  Lke p h o t o e l a s t i c  model. Therefore,  t o  use t h e  p h o t o e l a s t i c  r e s u l t s  
t o  determine t h e  contac t  area f o r  t h e  d e f l e c t i o n  specimens, t h e  rad ius  
of con tac t ,  Rr , must be s c a l e d  up by 150%. 
0.28" p l u s  t h e  bolt hole  rad ius  Rs of 0.125". 
area, A,, can be determined as follows: 
Rr from Figure 11-4 is 
Therefore ,  t h e  contac t  
A, per b o l t  = T ( R b - * - R s 2 )  
2 2  = (0,405* - 0.125 ) i n  
= 0.466 in'. 
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Since t h e r e  a r e  3 b o l t s  i n  t h e  tes t  j o i n t s ,  t h e  t o t a l  contac t  area is: 
2 A, = 3 x 0.466 i n 2  = 1.40 i n  . 
This value of A, can only be used a s  an approximate a r e a  beccuse of t he  
d i f f e r e n c e  i n  j o i n t  conf igura t ion  posed by t h e  t h r e e  b o l t s  i n s t e a d  of 
one. 
An important f a c t  t o  be considered is t h e  d i f f e r e n c e  between t h e  
a c t u a l  contac t  a r ea ,  A,, and t h e  t o t a l  i n t e r f a c e  area, AI. AI, which 
is 10.5 i n 2  i n  t h i s  s tudy,  is  considerably l a r g e r  than  A,. Resul ts  
obtained from machined blocks where p l a t e  d e f l e c t i o n s  have n o t  been 
included as a parameter and A, i s  considered t o  be t h e  same as AI, can- 
n o t  be used t o  p r e d i c t  t h e  thermal conduct ivi ty  of b o l t e d  j o i n t s .  
111. EXPERIMENTAL PROCEDURES &VD EQUIPMENT 
A. TEST SPECIFEKS 
The test specinen decided upon f o r  th i s  study was a bo l t ed  l a p  
j o i n t  a s  shown i n  Figure 111-2. This j o i n t  conf igu ra t ion  w a s  chosen 
t o  s imula te  a l a r g e  number of b o l t s  o r  r i v e t s  i n  series along a lap 
j o i n t  (Figure 111-1). T h i s  type of j o i n t  can be four,d on a i r p l a n e  o r  
space veh ic l e  s i d e  pane ls  and i n  o the r  s t r u c t u r a l  app l i ca t ions .  It 
Figure 111-1. Typical lap j o i n t  found on a i r c r a f t  skins, e t c .  
19 
20 
Chilled 
H20 In 
Figure 111-2 Isometric veiw of t e s t  j o i n t ,  
21 
was decided t h a t  only th ree  b o l t s  i n  series were needed t o  produce an 
i n f i n i t e  j o i n t  a f f e c t  on the  cen te r  s ec t ion  (shaded area on Figure III- 
2 ) .  The c e n t e r  s e c t i o n  of t h e  j o i n t  was analyzed and t h e  r e s u l t s  ob- 
ta ined  were assumed t o  be  the  same f o r  a l l  similar s e c t i o n s  i n  an a c t u a l  
j o i n t ,  
condi t ions  f o r  tF,e cen te r  s e c t i o n .  The tub ing  on e i t h e r  end of  t h e  tes t  
p l a t e s  wns used t c  hea t  o r  cool  the  p l a t e  ends.  Steam w a s  pzssed 
through the  ho t  end and c h i l l e d  water a t  approximately 50°F through t h e  
cold end, g iv ing  an appropr ia te  grad ien t  of 162°F across  the j o i n t .  
T h e  o u t e r  two s e c t i o n s  were intended t o  provide t h e  boundary 
S i x  sets of test p l a t e s  were cons t ruc ted  and s tud ied .  They are: 
Test P l a t e  No. 1 - Aluminum wi th  16 RNS 
Test P l a t e  No. 2 - Aluminum wi th  63 RNS 
Test P l a t e  Xo. 3 - Aluminum wi th  125 liMS 
Tes t  P l a t e  No. 4 - S t a i n l e s s  S t e e l  wi th  1 6  PAS 
Test, P l a t e  No. 5 - S t a i n l e s s  S t e e l  w i th  63 RMS 
T e s t  P l a t e  No. 6 - S t a i n l e s s  S t e e l  wi th  125 DE. 
The two types  of materials were used t o  g ive  an  i n d i c a t i o n  of  t h e  
e f f e c t  of plate  material on p l a t e  d e f l e c t i o n s  and j o i n t  conduct iv i ty .  
The t h r e e  su r face  f i n i s h e s  were chosen t o  i n d i c a t e  t h e  e f f e c t  of sur-  
f ace  f i n i s h  on t h e  same. 
The b o l t s  chosen were 3/8" National  Coarse, Standard Button-head 
b o l t s  cons t ruc ted  from 4140 carbon s tee l ,  The b o l t s  and the  p l a t e s  
were machined t o  c lose  to l e rances .  
B. DEFLECTION STUD1 ES 
The instrument  used t o  measure p l a t e  d e f l e c t i o n s  was an o p t i c a l  
comparator (Figure 111-3). Specia l  j i g s  he ld  t h e  test specimen on t h e  
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comparator bed, I n  order  t o  use t h i s  instrument ,  i t  was necessary t o  
i n s t a l l  po in t  re ferences  on the  su r faces  of t he  t e s t  p l a t e s  as shown i n  
Figure 111-4. For each p i n  on the  top p l a t e ,  t h e r e  is a corresponding 
p i n  immediately below it on t h e  bottom p l a t e .  The fol lowing procedure 
was used t o  ob ta in  a l l  d e f l e c t i o n  da ta .  
The p l a t e s  were bol ted  and torqued t o  4 f t . l b s .  The d i s t a n c e  be- 
tween the poin ts  of t h e  p ins  was then measured f o r  each p a i r  of p ins ,  
The values  obtained with 4 f t . l b s .  of torque were used as re ferences  
f o r  determining the  amount of d e f l e c t i o n  produced a t  a given p in  loca- 
t i o n  by a change i n  torque. This  re ference  t o r q  ? was chosen in s t ead  
of a re ference  of 0 f t . l b s .  because i t  was f e l t  t h a t  i n i t i a l  and unpre- 
d i c t a b l e  r eac t ions  due t o  imperfect ions i n  the  specimen must be over- 
come before  meaningful d a t a  could be taken. Def lec t ions  f o r  torques 
lower than 4 f t . l b s .  ran  poss ib ly  be determined by ex t r apo la t ion .  The 
torque could then be  increased  t o  a new va lue  and t h e  values  of p i n  
d i s t ance  again measured on the  o p t i c a l  comparator. 
There are th ree  types of d e f l e c t i o n s  t h a t  must be taken i n t o  con- 
s i d e r a t i o n .  Unlike previous s t u d i e s ,  t h i s  p r o j e c t  measured and consid-, 
e red  a l l  t h ree ,  
whi$.h is the change i n  d e f l e c t i o n  caused by passing t i m e ,  It was spec- 
u l a t ed  a t  t h e  beginning of t h i s  s tudy  t h a t  t h e r e  would be a t r a n s i e n t  
response of t h e  t e s t  specimen t o  t h e  torquing operat ion.  A s t u i y  was 
undertaken t o  determine t h e  ex is tance  o r  t h i s  creep, and i f  i t  d id  
e x i s t ,  t o  determine the  magnitude and d i r e c t i o n  o f  t h e  d e f l e c t i o n  change, 
the rate of c reep ,  and the  time requi red  f o r  t h e  t o t a l  creep t o  occur. 
The f i r s t  type of d e f l e c t i o n  w i i l  be  c a l l e d  "creep", 
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Since e s t a b l i s h i n g  a t o t a l  t i m e  requirement f o r  creep was t h e  only 
necess i ty  f o r  t h i s  p r o j e c t ,  i t  w a s  decided t h a t  only one of t h e  s i x  
test specimens need be included i n  our study. 
the  125 RMS f i n i s h  (Specimen number 3) was chosen s i n c e  pre l iminary  
measurements i nd ica t ed  t h a t  i t  would have t h e  g r e a t e s t  magnitude of  
creep and the longes t  t o t a l  t i m e  reqairement. 
The aluminum p l a t e  w i th  
Specimen number 3 w a s  torqued t o  4 f t . l b s .  a t  t i m e  = 0 and t h e  
These va lues  were used va lues  cf p in  d i s t a n c e  read on the  comparator. 
as a re ference  and a t  var ious  t i m e  i n t e r v a l s  t h e  dev ia t ion  from t h i s  
re ference  t;as determined on t h e  comparator. Af t e r  t h e  rate of creep 
had diminished t o  zero,  t h e  b o l t s  vere cntorqued, retorquefl t o  25 f t . -  
l b s . ,  and measurements taken as before.  Once t h e  t o t a l  t i m e  requi red  
f o r  creeping was determined, t he  test specimens could be torqued suf- 
f i c i e n t l y  i n  advance t o  allow them t o  c reep  be fo re  any t e s t i n g  w a s  done. 
The second type of d e f l e c t i o n s  considered are "mechanical def lec-  
t ions",  which are caused by the  pressure  app l i ed  by torquing t h e  b o l t .  
Most previous s t u d i e s  have l i m i t e d  t h e i r  scope t o  t h i s  mode of Geflec- 
t i o n  and have ignored t h e  e f f e c t  of creep  and thermal de f l ec t ions .  
Mechanical d e f l e c t i o n s  do r equ i r e  the  most ex tens ive  e f f o r t s .  
The f r e e  body diagram shown i n  Figure 111-5 i n d i c a t e s  the moment 
produLed by t h e  b o l t  head and i n t e r f a c e  stresses. 
these  stresses are represented  by F1 and F 
these  two fo rces  w i l l  cause the  p l a t e  t o  d e f l e c t .  The major i ty  of the 
d e f l e c t i o n  work was d i r e c t e d  towards determining t h e s e  d e f l e c t i o n s  as 
a func t ion  of torque, d i s t ance  from b o l t ,  and s u r f a c e  f i n i s h .  
t h e  s i x  specimens were torqued t o  t h e  r e fe rence  torque  of 4 f t . l b s .  and 
The r e s u l t a n t s  of 
The moinent produced by 2' 
Each of 
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Figure 111-5. Free body diagram of a p l a t e  wi th  t h e  d i s t r i b u t e d  load. 
a f t e r  t h e  required t i m e  f o r  creeping, re ference  va lues  for p i n  d i s t a n c e s  
were read as before .  
again allowed to creep. 
were measured. 
and 28 f t . l b s .  
as a func t ion  of torque, p l a t e  material, atid s u r f a c e  f i n i s h .  
The p l a t e s  were then  retorqued t o  10 f t . l b s .  and 
The d e f l e c t i o n s  caused by t h e  i n c r e a s e  i n  torque 
The same procedure was followed for torques of 16, 22, 
This  d a t a  was analyzed to  determine t h e  p l a t e  d e f l e c t i o n  
The t h i r d  type  of p l a t e  d e f l e c t i o n s  considered were "thermal de- 
f lec t ions" ,  which are produced when a thermal g r a d i e n t  is appl ied  t o  t h e  
j o i n t .  I n i t i a l l y ,  t h e  specimens were torqued to  28 f t . l b s .  and p i n  ref- 
erence values  read. A temperature g r c d i e n t  was then appl ied  t o  t h e  
specimen by means o f  an apparatus  which allowed steam a t  212°F t o  flow 
across  one end and c h i l l e d  water a t  50°F across  t h e  o the r .  The deflec-  
t i o n  produced by this  thermal load w a s  measured f o r  each p i n  pos i t ion .  
C. THEEUtAL CONDUCTIVITY HEASUREMENTS 
Upon completion of t h e  d e f l e c t i o n  s t u d i e s ,  tEc p i n s  were removed 
from each test  specimen and a l l  p l a t e  s u r f a c e s  were cleaned thoroughly. 
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F o i l  thermocouples (RdF Corporation p a r t  number 20114-L10) were placed 
on t h e  p l a t e s  i n  the  approximate p o s i t i o n s  shown i n  Figure 111-6. The 
a c t u a l  p o s i t i o n  of each thermocouple w a s  measured a f t e r  i n s t a l l a t i o n .  
The pos i t i ons  i n  t h e  region of plate-overlap were no t  needed f o r  t h e  
EFM ca lcu la t ions ,  bu t  temperatures were recorded a t  these  p o i n t s  f o r  
p o s s i b l e  f u t u r e  i n t e r f a c e  conductance s t u d i e s  and t o  provide some in- 
s i g h t  i n t o  the  hea t  pa ths  and isotherms i n  che a r e a  of t h e  b o l t .  I n  
t h e  j o i n t  region t h e r e  is z. thermocouple on the  s i d e  of t h e  j o i n t  oppo- 
s i t e  t h e  ones shown. Tht i n l e t  and o u t l e t  temperatures of t h e  coolan t  
and t h e  hea t ing  streams were con t inua l ly  monitored. 
The instrumented specimen w a s  placed i n  a Tenny vacuum chamber 
(Figures 111-7, 111-8, and 111-9) and s i t u a t e d  on a p l a s t i c  bucket such 
t h a t  the  r i m  of t h e  bucket contac ted  only t h e  rubber supply l i n e s  t o  
t h e  hea t ing  and cool ing  tubes. 
inum f o i l  (not shown i n  Figure 111-9) t o  guard a g a i n s t  r a d i a t i o n  lo s ses .  
Heating w a s  accomplished by using 212°F steam and cool ing  by using 
c h i l l e d  water a t  50"F, as was done i n  t h e  thermal d e f l e c t i o n  s t u d i e s .  
Each specimen was torqued a t  4, 16, and 28 f t . l b s . ,  and tempera- 
The specimen w a s  a l s o  encased i n  alum- 
t u r e  d i s t r i b u t i o n s  were obtained f o r  each torque. 
was nc t  used i n  t h e  thermal conductance s t u d i e s  because t h e  regions 
under the n u t s  and b o l t s  were p l a s t i c a l l y  deformed when an attempt was 
made t o  ob ta in  d e f l e c t i o n  d a t a  a t  a high torque value.  
Specimen number 2 
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I V .  DATA PRESENTATION AND DISCUSSION 
A. DEFLECTLON STUDY RESULTS 
I n i t i a l l y ,  t h e  i n t e n t  of t h e  i n v e s t i g a t i o n  was t o  ob ta in  
q u a l i t a t i v e  r a t h e r  than q u a n t i t a t i v e  d a t a  i n  t h e  d e f l e c t i o n  s t u d i e s .  
was f e l t  t h a t  t he  o p t i c a l  comparator would provide t h e  necessary accur- 
acy. However, t h e  d e f l e c t i o n s  encountered were much smaller than  had 
been a n t i c i p a t e d  and only through a q u a n t i t a t i v e  look a t  t h e  d a t a  could 
use fu l  information be obtained. 
an aluminum specimen was only 3 x inches  and less than 1 x 
It 
The average mechanical d e f l e c t i o n  f o r  
inches f o r  s t a i n l e s s  steel. Since the  accuracy t h a t  could be expected 
f o r  a s i n g l e  d e f l e c t i o n  reading from the  comparator w a s  on the  o r d e r  of 
1 x 
The same holds t r u e  f o r  t he  creep and the  thermal d e f l e c t i o n  d a t a  even 
though the  abso lu te  magnitude of t he  thermal d e f l e c t i o n s  are on the  or- 
d e r  of 6 x inches.  To o f f s e t  t h e  s c a t t e r i n g ,  symmetrical mer- 
aging and o v e r a l l  averaging techniques on p a r t i c u l a r  parameters were 
used, and the  d e f l e c t i o n  study da ta  were genera l ized  t o  g ive  meaningful 
r e s u l t s .  
inches ,  t h e  b a s i c  da t a  had a cons iderable  amount of  s c a t t e r .  
Creep 
The purpose of t he  creep study was t o  determine the  t i m e  requi red  
f o r  normalization of the. creep reac t ion .  This  information was necess- 
a r y  t o  enable  t h e  r e sea rche r s  t o  allow t h e  specimens t o  creep  a f t e r  
torquing before  
e f f e c t  of creep 
any measurements were taken. This e l imina ted  t h e  
from the  da t a  being measured. 
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It was decided t h a t  Specimen 3 (125 RMS aluminum) would creep 
longer and t o  a g r e a t e r  ex ten t  than any o t h e r  specimen; thus ,  tests were 
conducted using t h i s  plate ,  Torques of 4 and 25 f t . l b s .  were used t o  
show t h e  e f f e c t  a t  a low and high torque. The d a t a  obta ined  is  pre- 
s en ted  i n  Tables I V - 1  and I V - 2  i n  b a s i c  form. There i s  cons iderable  
scatter i n  t h e  d a t a  due t o  the  small magnitudes involved; t he re fo re ,  a 
q u a n t i t a t i v e  approach was used t o  analyze t h e  da t a .  
e n t l y  no r e l a t i o n  between creep and p o s i t i o n  on t h e  p l a t e ,  so a l l  d a t a  
taken a t  a p a r t i c u l a r  e lapsed  t i m e  f o r  a given torque was averaged and 
p l o t t e d  on t h e  time versus  creep p l o t  shown i n  Figure I V - 1 ,  This p l o t  
shows t h a t  a f t e r  36 hours t h e  change i n  p l a t e  d e f l e c t i o n s  due t o  c reep  
is zero. The magnitude of creep i s  g r e a t e r  f o r  25 f t . l b s .  of to rque ,  
bu t  t h e  t i m e  requi red  f o r  s t a b i l i z a t i o n  i s  v i r t u a l l y  t h e  same. 
There was appar- 
I C  was concluded from t h e  creep study t h a t  a normal iza t ion  time of 
36 hours would be requi red  a f t e r  each torquing operation. 
Mechanica? Def lec t ions  
The mechanical d e f l e c t i o n  d a t a  i s  t a b u l a t e d  i n  b a s i c  form i n  Tables 
IV-3, IV-4, and I V - 5 .  The only averaging done t o  t h i s  d a t a  was i n  com- 
b in ing  r e p e t i t i v e  readings f o r  t h e  same p in  p a i r  and i n  averaging sym- 
me t r i ca l  p i n  p a i r s  between t h e  b o i t  heads, i .e. ,  p i n  p o s i t i o n s  1 and 10, 
2 and 9, etc.  a t  go", were averaged t o  o b t a i n  d a t a  f o r  p o s i t i o n s  1, 2, 
e tc ,  a t  90" r e spec t ive ly  and s i m i l a r i l y  a t  270". The negat ive  numbers 
i n d i c a t e  a decrease i n  t h e  d i s t a n c e  between t h e  t i p s  of a p i n  p a i r  and 
t h e  p o s i t i v e  nuinbers i n d i c a t e  a i nc rease .  The scatter is apparent ,  bu t  
it is easy t o  see t h e  e f f e c t  of torque and r a d i a l  d i s t ance .  The 
34 
CREEP DATA 
Time Lapse (hrs.)  
0 = 0" 
Pin No. 1 
Pin No. 2 
P.tn No. 3 
Pin No. 4 
Pin No. 5 
0 = 90" 
Pin No. 1 
Pin No. 2 
Pin No. 3 
Pin Ko. 4 
Pin No. 5 
0 = 180" 
5 24 
-8 
-2 
13 
5 
12 
-2 
-8 
8 
-2 
9 
-26 
-4 
12 
12 
25 
8 
7 
1 
21 
19 
29 
-6 
13 
13 
17 
26 
12 
15 
2 
15 
24 
Pin No. 1 6 4 -2 
Pin No. 2 14 10 3 
Pin No. 3 7 8 2 
Pin No. 4 -8 -1 3 -1 
Pin No. 5 12 7 1 
8 = 270" 
Pin No. 1 11 0 9 
Pin No. 2 15 5 9 
Pin No. 3 7 -1 -7 
Pin No. 4 22 19 0 
Pin No. 5 -3 2 -5 
(Deflections are given i n  inches) 
28 
4 
14 
12 
22 
21 
12 
7 
\. -3 
13 
15 
17 
17 
18 
1 
15 
7 
18 
-2 
9 
4 
Table IV-1. Creep Data at  a Torque of 4 f t . l b s .  
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CREEP DATA 
Time Lapse (hrs.)  
0 * 0" 
Pin No. 1 
Pin No. 2 
Pin No. 3 
Pin No. 4 
Pin No. 5 
0 e 90" 
Pin No. 1 
Pin No. 2 
Pin No. 3 
Pin No. 4 
Pin No. 5 
Pin No. 1 
Pin No. 2 
Pin No, 3 
Pin No. 4 
Pin No. 5 
5 24 29 
40 34 41 
9 22 21 
-12 -14 -22 
-7 5 -2 
14 34 24 
35 35 
15 25 
11 26 
12 32 
-5 16 
30 22 
-7 -8 
20 14 
10 4 
-1 11 
34 
-2 
25 
6 
25 
8 = 270" 
Pin No. 1 4 -10 
Pin No. 2 0 4 
Pin No. 3 15 14 
Pin No. 4 12 4 
Pin No. 5 -14 -8 
(Defl.ections are given i n  lov5 Inches) 
Tablc IV-2. Creep Data a t  a Torque of 25 fl:.lbs. 
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P l a t e  # 1 - 
Aw!e 
0 
1 a0 
90 
Torque 
10 
16 
22 
28 
10 
16 
22 
28 
10 
16 
22 
28 
10 
16 
22 
28 
P l a t e  8 2 
I 
180 
9c 
2 70 
-I 
Tcrque 
10 
16 
22 
28 
10 
16 
22 
2a 
10 
16 
22 
28 
10 
16 
22 
28 
Pin Kumber - 
-29 
2 
-1 
20 
i3 
11 
13 
37 
0 
47 
40 
50 
17 
35 
29 
52 
I 
oil 
10 
24 
3 
13 
30 
44 
7 
35 
38 
42 
8 
25 
26 
31 
15 
35 
30 
66 
-9 
14 
28 
37 
5 
32 
39 
54 
12 
39 
42 
60 
-6 
32 
21 
63 
1 
16 
26 
38 
12 
42 
40 
56 
8 
40 
50 
51 
-2 
37 
54 
8E 
14 
36 
50 
73 
-4 
15 
22 
48 
25 
45 
56 
60 
Pin Number 
1 2 3-  4 5 
-3 1 - 28 - 7 -7 
-5 8 L .  34 41  
36 20 81 136 147 -- -- -- - -- 
26 
43 
39 -- 
6 
25 
25 -- 
18 
24 
16 -- 
13 
56 
44 -- 
6 
30 
22 -- 
33 
39 
25 -- 
-26 
-28 
1P -- 
-2 
23 
15 -- 
32 
42 
34 
0-  
32 
68 
75 -- 
17 
34 
20 -- 
27 
40 
27 -- 
Table IV-3 Tabulat ion of Elechanical Deflection d a t a  for p l a t e s  1 
and 2. Angle is the angc'.r p o s i t i o n  i n  dpgrees ,  torque 
is i n  f t .  lbs , ,  and the s'iflections i n  lo-' €nrhes. 
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Angle Torque 1 2 3 4 5 
0 10 
16 
22 
28 
180 10 
16 
22 
28 
90 10 
16 
22 
28 
270 10 
1 6  
22 
28 
P l a t e  # 4 
Angle Torque 
0 10 
16 
22 
28 
180 10 
16 
22 
28 
90 10 
16 
22 
2b 
2 70 10 
16  
22 
28 
23 
23 
12  
13 
13 
9 
28 
36 
29 
25 
34 
42 
-- 
-- 
I 
-- 
17  
28 
34 
41  
37 
31 
59 
73 
27 
24 
50 
50 
32 
30 
31 
47 
-4 
14  
36 
37 
25 
38 
80 
84 
27 
34 
47 
4 3  
28 
28 
40 
55 
32 
39 
71 
73 
20 
11 
2s 
28 
33 
42 
56 
56 
20 
27 
42 
52 
21 
33 
84 
74 
42 
43 
77 
99 
31 
35 
59 
59 
23 
35 
51 
56 
Pin  Number 
1 2 3 4 5 
-1 7 8 -29 1 5 
-18 8 -12 5 12  
-14 28 2 1  33 55 
-10 27 37 - 29 67 
24 19 40 1 4  -6 
42 11 47 10 11 
40 27 75 6 -8 
27 23 71  1 7  1 7  
-5 -7 -3 -1 2 
-17 -10 -2 -5 -3 
-3 -10 -8 -5 -1 
-5 -4 2 -6 9 
-4 1 -9 -11 -7 
-2 2 -7 -4 10 
5 6 -1 -7 -- 
3 8 3 .  4 3 
Table ZV-4 Tabulat ion of Mechanical DeflectioLi d a t a  f o r  plates 3 and 
4. Angle j s  t h e  an,ular p o s i t i o n  i n  degrees ,  torque is 
i n  f t .  lbs., and the d e f l e c t i o n s  i n  10-5 inches.  
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Angle Torque 
P l a t e  # 5 
Pin Number 
1 2 3 4 5 
0 10 
16 
22 
28 
180 10 
16 
22 
28 
90 10 
16 
22 
28 
2 70 10 
16 
22 
28 
-14 -13 -9 -18 -9 
-10 -3 -1 -7 -3 
1 -12 -9 -2 -5 
15 - 18 -10 2 -4 
-31 8 - 30 -11 -29 
9 29 -22 -14 -34 
-11 25 -22 -17 -2 3 - 14 49 -21 -5 -18 
-- 7 5 2 7 
7 8 -- 9 9 10 17  -- 8 7 7 1 5  
-18 -6 -8 13 -6 
-2 8 1 27 4 
-3 8 11 17  7 
-28 12 20 31 17  
-- 7 -- 
P l a t e  # 6 
Angle- Torque 
0 10 
16 
22 
28 
180 10 
16  
22 
28 
90 10 
1 6  
22 
28 
270 10 
1 6  
22 
I 28 
Pin  Nurnber 
1 2 3 4 5 
-4 8 12 31 5 
4 28 12  28 19 
-4 5 -2 30 28 
-9 3 2 32 39 
-30 -13 -6 -6 -7 
-23 -8 -12 9 5 - 38 -8 -14 -14 18 
-33 -12 -1 1 22 
6 -9 1 4 5 
15  -5 9 1 2  10 
16 -10 2 17 11 -- -- -- -- - 
Tat*:, IV-5 Tabulat ion of Mechanical Def lec t ion  d a t a  for p l a t e s  5 
:And 6. Angle is t h e  angular  p o s i t i o n  i n  degrees,  to rque  
is in it. l b s . ,  and t h e  d e f l e c t i o n s  i n  inches.  
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d e f l e c t i o n  increases  a s  torque inc reases  and as t h e  r a d i a l  d i s t ance  
from the  b o l t  ho le  increases .  
The f i r s t  s t e p  i n  the  q u a n t i t a t i v e  ana lys i s  of t h e  mechanical de- 
f l e c t i o n  d a t a  w a s  t o  determine the  genera l  e f f e c t  of torque on the  
de f l ec t ions .  To acconpl ish t h i s ,  a l l  d e f l e c t i o n s  taken f o r  a l l  p i n  
loca t ions  cn  a l l  th ree  aluninum specimens a t  a given torque were aver- 
aged and p l o t t e d  as shown i n  Figure I\’-2. 
crease i n  d e f l e c t i o n  is a l i n e a r  func t ion  of torque and t h a t  torque is 
a major v a r i a b l e  which m u s t  be  considered when i n v e s t i g a t i n g  p l a t e  de- 
f l e c t i o n s .  The same p l o t  was made f c r  t h e  th ree  s t a i n l e s s  steel speci-  
mens and t h e  r e s u l t s  are shown i n  Figure IV-3. 
a t  small torque values ,  suggest ing t h a t  t h e  p l o t  f o r  t he  aluminum spec- 
imens may be  nonl inear  i n  t h e  same fash ion  a t  torques below 4 f t . l b s .  
Figures IV-2 a l d  IV-3 i n d i c a t e  the  d i f f e rence  i n  d e f l e c t i c n  magnitudes 
between the aluminum and t h e  s t a i n l e s s  steel specimens. 
This  c l e a r l y  shows the  in-  
This p l o t  is nonl inear  
The next s t e p  i n  t h e  a n a l y s i s  w a s  t o  determine the  in f luence  of  
su r face  f i n i s h  on de f l ec t ions .  This  w a s  done by p l o t t i n g  torque versus  
d e f l e c t i o n  curves f o r  each o f  t h e  s i x  specimens. All d e f l e c t i o n s  mea- 
sured  a t  a given torque f o r  each specimen were averaged and p l o t t e d .  
The r e s u l t s  f o r  t h e  al-iminum speclmens is presented i n  Figure IV-4 and 
f o r  s t a i n l e s s  s tee l  i n  Figure IV-5 .  
p l o t s  is t h a t  t he  in f luence  of s u r f a c e  f i n i s h  is small and may be  ne- 
g l ec t ed  i f  an accuracy g r e a t e r  than 1 x inches is not  required.  
It also appears t h a t  the  t rend  of t h i s  i n f luence  is t h a t  the  g r e a t e r  
t he  su r face  roughness, t h e  g r e a t e r  t h e  de f l ec t ions .  
The conclusion drawn from these  
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The f i n a l  s t e p  i n  t h e  a n a l y s i s  was t o  d e f i n e  t h e  d e f l e c t i o n s  as 
funct ions of  p i n  p o s i t i o n .  
found t o  be  small, t h e  r e s u l t s  of ,111 t h r e e  aluminum specimens were 
again averaged t o  reduce t h e  scat ter  i n  t h e  b a s i c  da t a .  The def lec-  
t i o n s  f o r  r a d i a l  p o s i t i o n s  0" and 180" were expected t o  be d i f f e r e n t  
f o r  those a t  90" and 270"; t he re fo re ,  t h e  p o s i t i o n s  were analyzed sep- 
a r a t e l y .  A l l  d e f l e c t i o n s  measured a t  p i n  l o c a t i o n  1 f o r  0" and 180" 
r a d i a l  posit.,ms on a l l  aluminum specimens were averaged. These val-  
ues ,  along with t h e  averages obtained i n  a similar manner f o r  p i n  lo- 
c a t i o n s  2 through 5,  were p l o t t e d  t o  o b t a i n  curve number 1 i n  Figure 
IV-6. Curve number 2 was obtained using r a d i a l  p o s i t i o n s  a t  90" and 
270" f o r  a l l  aluminum specimens. Curves 3 and 4 were from t h e  s t a i n -  
Since t h e  inf luence  of s u r f a c e  f i n i s h  w a s  
less s teel  specimens using 0" and 180" r a d i a l  p o s i t i o n s  arid 90" and 
270" r a d i a l  p o s i t i o n s  respec t ive ly .  A l l  of  t h e  curves i n d i c a t e  an in- 
crease i n  d e f l e c t i o n  as t h e  r a d i a l  d i s tance  from t h e  b o l t  h o l e  in- 
creases, b u t  only curve 1 shows a l a r g e  increase .  It i s  reasonable  t o  
assme t h a t  t he  s l o p e s  of curves 1 and 3 would be  g r e a t e r  than t h e  
s l o p e s  of curves 2 and 4 r e s p e c t i v e l y ,  because curves 1 and 3 are 
p l o t t e d  towards f r e e  edges where- curves 2 and 4 have r e s t r a i n e d  
edges, 
hard  t o  a s c e r t a i n  s i n c e  t h e  d e f l e c t i o n s  involved are so small. 
This  s l o p e  d i f f e r e n c e  f o r  t h e  s t a i n l e s s  steel specimens is 
Thermal Deflect ions 
The o b j e c t i v e  of t he  thermal d e f l e c t i o n  s tudy was t o  determine 
the  e f f e c t ,  i f  any, of a Lhermal grad ien t  across  t h e  j o i n t  on p l a t e  
d e f l e c t i o n s .  It was found t h a t  t h e r e  was indeed an e f f e c t  and t h a t  
45 
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t h i s  effect:  vns l a r g e  i n  comparison t o  the  creep and mechan5cal 
d e f l e c t i o n s ,  It w,.s a l s o  discovered t h a t  t h i s  e f f e c t  was oppos i te  i n  
d i r e c t i o n  from t h e  creep snd mechanical r e a c t i o n s  and i n  genera l  was 
g r e a t l y  d i f f e r e n t .  
6. These numbers represent  t h e  change i n  p in  t o  p i n  d i s t a n c e  obtained 
The b a s i c  da t a  obtained is  presented i n  Table IV- 
when a temperature drop of approximately 15 t o  20°F was imposed cn t h e  
j o i n t  a t  a torque of 28 f t . l b s .  
As i n  t h e  previous d e f l e c t i o n  measurements, t h e  d a t a  i s  scLt te red ;  
but, through averaging, an o v e r a l l  look reveals t h e  t r ends  of  c e r t a i n  
var iab les .  
aluminurn specimens and t h e  s t a i n l e s s  s t ee l  specimens. 
observat ion,  an average of all thermal d e f l e c t i o n s  for t h e  aluminum 
specimens was compared t o  t h e  average thermal d e f l e c t i o n  f o r  t h e  s t a i n -  
less s tee l  ones. Deflect ions of -4.45 x and -4.60 x inches,  
respec t ive ly ,  were obtained; t he rc fo re ,  i t  was concluded t h a t  thermal 
d e f l e c t i o n s  are independent of t hese  two p l a t e  m a t e r i a l s .  
There appears t o  be no d i f f e r e c c e  between t h e  d a t a  f o r  t h e  
To v e r i f y  t h i s  
The next  v a r i a b l e  considered w a s  pos i t ion .  It was apparent from 
t h e  tabula ted  data t h a t  t h e  d e f l e c t i o n s  f o r  p o s i t i o n s  between t h e  b o l t  
heads (angle = 9C 
p o s i t l o n s  a t  angles  of 0" and 18Q0. 
through 5 a t  a p a r t i w l a r  r a d i a l  positlon seem t o  be almost cons t an t .  
This is s;iown i n  F i l u r e  IV-7 *here each p o i n t  is t h e  average of t h e  
data taken f o r  a l l  spec ir  
s l i g h t  decrease i n  t h e  absolu te  magnitude of t h e  d e f l e c t i o n s  as the  
r a d i a l  d i s tance  increases .  
and 270") were l a r g e r  in absolu te  magnttude than f o r  
HOWST-~L, d e f l e c t i o n s  f o r  p i n s  1 
r~ t h e  i n d i c a t c d  p o s i t i o n s .  There. is a 
F i n a l l y ,  an a n a l y s i s  of  s u r f a c e  f i n i s h  versus  themal d e f l e c t i o n s  
was made. This  wt - don; by t ak ing  t h e  average de: ' c : t ion f o r  each 
48 
THER?IAL DEFLECTION DATA 
1 0" 
180" 
90" 
270" 
3 0" 
180" 
90" 
270" 
4 0" 
180' 
90 " 
270" 
5 0" 
180" 
90" 
270" 
6 0" 
180" 
goo 
270" 
-45 
- 30 
-38 
-102 
18 
-1 - 71 
-94 
-48 
-23 
-89 - 71 
-28 
-15 
-93 
-106 
2 
-12 
-55 
-65 
-14 
-12 
-93 - 80 
17 
-78' - 84 
-71 
-45 
-19 
-91 - 75 
-23 
-10 
-89 
-89 
0 
-10 
-28 
-81 
- 2 1  
-11 
-98 
-105 
27 
- 22 
-46 
-4:  
-56 
-33 
-102 
-99 
-14 
--.o 
-91 
-93 
-1 
-16 - 20 - 84 
-10 
-10 
-90 -- 
20 
5 
-87 
-52 
- 38 
-11 
-59 
-78 
-4 
-2 
-91 
-102 
1 
7 
-6 
-75 
-L 
-1s 
-86 
-62 
'2 
-2 3 
-63 - 70 
-65 
-1 
-90 
-77 
-26 
-4 
-85 
-91 
-20 
0 
-16 
-81 
-- I 
Table Ib-6. Tabulation of bzsic  Thermal Deflection Data 
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specimen and rrakf~lg 3 p l o t  ci surface f i n i s h  \-ersus deflection m shown 
in Figure IV-8. 
clusive r e s v l t s ;  herefom-, it k%.! only be concluded here that thc ef- 
fect of su r face  finish is a decrease in deflection% as surLace rou&uss 
hcreses. 
The d a t a  is insufEic ien t  to confim t h i s  p l o t  as con- 
It vas decided that d z t z  should be t&en to deternine whether or 
not the plates kmdd retun! to  t h e i r  original p o s i t i o n  after the ther- 
W gradient had been =;loved. Specimm n w h e r  5 was used for th i s .  
After the completion of t he  regular testing, t h e  specinen vas allowed 
to e-1 unt i l  tt w a s  in equi l ibr ium with t h e  surrormdiags. 
quired about 2 hours. 
This re- 
The d e f l e c t i o n s  o€ six selected ppnS; vere t h e 3  
measxed and mapared  to the measurements taken prior to the t h e m a l  
load a p p l i c a t i m .  
1.4 x 
The def lect ions had re turned to v i t h i n  an average of 
The d e f l e c t i o n s  were measured once again a t  approx- inches. 
imately 18 hou& a f t e r  removal of the tlrcrmal load, and the d e f l e c t i o n s  
w e r e  v i t h i n  an sverage of 0.6 r l r 4  inches of thc original d e f l e c t i o n  
measured p r i o r  t o  t h e  appltcatton of t h e  thermal load. 
measurefficnts were taken, but  it w a s  asswed that the specimen had re- 
No further 
turned to its original condi t ion.  
B. JOINT CONDUCTIVITY DATA 
The d a t a  obtained in t h e  j o i n t  conductance study is presented i n  
Tables IV-7 through IV-11. 
locations indicated in Figure 111-6. 
The temperature  numbers correspond to the 
T!ie "u" and "b" suffixes on t he  
numbers refer t o  t i p p r  and bottom thermocouples, respec t ive ly .  No use 
was made of temperatures 15 through 26 in t h i s  study except  to g a i n  some 
i n s igh t  into paths of hea t  flow. Temperatuces 11 through 14 were used 
$11 n 
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PiATE a. 1 
1 '  
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15u 
1Sb 
161 
17ri 
1% 
18u 
18b 
19u 
19b 
20u 
20b 
21u 
21b 
22u 
22b 
2 3u 
2 3b 
24u 
24b 
2 5u 
25b 
26u 
26b 
1 6 ~  - 
Atib i e n t 
Temp era t u r e  
Ambient 
Press, (mm Hg) 
. T o q u e  (ft.lbs.1 
16 
- -  
191 
- 181 
172 
. 163 
123 
113 
105 
94 
86 
212 
212 
71 
70 
14 3 
155 
144 
It 8 
133 
138 
126 
138 
14 3 
157 
139 
143  
126 
138 
14  3 
15 7 
14 1 
149 
138 
'-4 3 
132 
140 
125 
I. 38 
58 
2 
22 
- ~ - 
190 
180 
171 
152 
120 
110 
102 
92 
85 
212 
212 
69 
65 
14  3 
15s 
143  ' 
148 
133 
137 
125 
138 
142 
157 
138 
14 3 
1 2 5  
1 M- 
142 
156 
141 
149 
137 
142 
131 
139 
124 
138 
6 1  
2 
28 
~ - 
E 2  
i Z  
172 
164 
12 3 
113 
105 
95 
59 
212 
21 2 
70 
€7 
- 
156 
144 
149 
134 
139 
1 127 
139 
144 
158 
~ 140 
144 
126 
139 
144 
15 7 
142 
150 
139 
144 
132 
141 - 
126 
139 
60 
2 
Table I V - 7 .  Temperature distrib.tion d a t a  €or specimeil 1. 
All tcmperatures are in degrees Fahrenheit .  
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PLATE SO. 3 
The mocouple 
Ztuzlbe r 
3 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14  
153 
15b 
16c 
16b 
17u 
17b 
18u 
18b 
19ti 
19b 
20u 
20b 
21u 
21b 
22u 
22b 
2 3u 
2 3b 
24u 
24b 
25u 
25b 
26u 
26b 
Ambient 
Tempe rat u re 
Ambicnt 
Press. (mm fig) 
Torque (ft.lbs.) 
4 
195 
187 
176 
16 7 
160 
110 
f 01 
4-0 - 
80 
212 
212 
68 
5 9  
142 
155 
142 
147 
131 
136 
124 
. 136 
141  
156 
137 
10 
123 
136 
141 
156 
140 
148 
137 
141 
131 
137 
123 
135 
68 
2 
16 ' 
19s 
188 
177 
158 
161 
1 EO 
112 
10 3 
92 
82 
212 
212 
7 1  
60 
142 
155 
142 
14 7 
136 
124 
- 136: 
141  
156 
137 
14 1 
123 
137 
14 1 
157 
140 
14 8 
136 
141 
130 
1.38 
122 
137 
68 
- 131 
---e 
2 
28 
-133 
186 
176 
l6G 
159 
118 
110 
100 
89 
79 
212 
212 
63 
61 
14 1 
155 
141 
14 7 
i39 
135 
123 
136 
140 
155 
136 
140 
122 
136 
140 
156 
139 
148 
135 
141 
130 
138 
122 
137 
66 
2 
Table LV-8.  Temperature d i s t r i b u t i o n  -data f o r  specimen 3. 
A l l  temperatures a~ in degrees Fahrenheit .  
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PLATE NO. 4 
The rmocoup le 
Number 
1 
2 
3 
4 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15u 
15b 
l6u  
16b 
17u 
17b 
. 18u 
1Eb 
19u 
19b 
20u 
20b 
2 i u  
21b 
22u 
225 
2 3u 
2 3b 
24 il 
24b 
25u 
25b 
26u 
26b 
r 
-a 
AmSient 
Temperature 
Torque ( f t  . l b s .  ) 
4 
192 
183 
169 
156 
144 
108 
ti6 
74 
63 
212 
212 
45 
- 4 1  
- 97 
130 
139 
131 
1.19 
121  
114 
118 
130 
140 
124 
126 
11.1 
119 
14 1 
13') 
132 
124 
126 
118 
121 
111 
119 
129 
-- - 
66 
~ ~ - 
Anb i e n  t 
Press .  (mm Hg) 2 
134 
185 
170 
157 
145 . 
110 
100 
b9 
76 
66 
212 
212 
51 
46 
131 
1 4 3  
130 
132 
1 2 1  
123 
115 
120 
131 
1 4  i 
126 
128 
113 
1 2 1  
132 
14 2 
130 
134 
126 
128 
120 
1 2 3  
113 
120 
66 
2 
28 
194 
185 
171 
159 
147 
111 
100 
88 
75 
65 
212 
212 
47 - 
44 
134 
14  3 
132 
134 
123-  
125 
117 
122 
133 
144 
127 
130 
114 
123  
134 
144 
132 
136 
12 7 
130 
123, 
125 
115 
12 3 
66 
2 
Table IV-9. Temperature d i s t r i b u t l o n  data  lo r  specimen -4. 
A l l  .temp . raturcu are i n  degrees Fahren!l-it. 
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PLATE 2:O. 5 
Thermocouple 
Number 
1 
2 
3 
- 4  
. 5  
6 
7 
8 
9 
1 L  
11 
12  
13 
14 
1su 
155 
16u 
16b 
1711 
17b 
m u -  
18b ' 
19u 
19b 
20u 
20b 
21u 
21b 
22u 
22b 
2 3u 
-2 3b 
24u 
24b 
25u 
25b 
26u - 
26b 
Ambient 
Tempe ra tur c 
~ -~ 
hmbient 
Press. (mm Hg) 
4 
19 5 
184 
170 
160 
149 
116 
106 
97 
75 
212 
212 
39 
53 
137 
A 4  3 
133 
136 
126 
127 
120 
i25 
137 
144 
- -- 
--- --- 
119 . 
126 
138 
145 
-135 - 
137 
130 
1 32 
126 
128 
119 
126 
66 
2 
Torque ( f t . lbs . ) 
16 
193 
183 
169 
158 
146 
111 
100 
90 
78 
66 
212 
212 
46 
42 
E 4  
141  
132 
133 
3 23 
I24 
116 
121 
134 
142 --- 
-.e 
115 
122 
135 
14 3 
132 
134 
127 
12 8 
122 
125 
I15 
122 
66 
7 .- 
28 
194 
185 
172 
-16 3 
$52 
117 
107 
99 
89 
79 
212 
212 
63 
56 
137 
146 
135 
138 
127 
129 
121  
127 - 
137 
147 --- -_- 
121 
12  7 
138 
14  7 
136 
139 
132 
I. 34 
127 
130 
120 
127 
66 
I- - 
Table IV-10. Temperature dis tr ibut ion data for speciwti 5 ,  
till, temperatures are in degrees Fahrenheit. 
PLATE NO, 6 
T!:e rmocouple 
Nmber 
1 
2 
3 
4 
3 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15u 
15b 
16u 
16b 
17u 
17b 
18u 
185 
19u 
19b 
20u 
20b 
21u 
2 l b  
22u 
22b 
23u 
2 3b 
24u 
24b 
2% 
25b 
2bu 
26b 
Ambient 
Tempe rat ure 
Ambient 
Press, (mm Hg) 
Torque [ f t .  Ibs. ) 
4 
196 
182 
169 
155 
145 
-108 
96 
84 
72 
60 --- 
212 - 
4 6 
40 
132 
1 4  1 
130 
133 
1 2 1  
122 
113 
121 
131 
1 4 1  
-a- _-- 
110 
121 
131 
14 2 
129 
133 
125 
1 2  7 
117 
123 
110 
120 
71  
- 
2 
16 
194 
181 
L 10 
155 
146 
112 
101 
90 
77 
65 
212 
5G 
45 
133 
14 3 
132 
135 
124 
125 
117 
124 
133 
143 
--- 
-- --- 
115 
125 
134 
144 
132 
136 
128 
130 
122 
1 2 7  
115 
124 
75 
- 
2 
28 
196 
383 
170 
156 
148 
111 
I 100 
88 
75 
62 
212 
46 
43 
134 
144 
- 133 
136 
124 
- 126 
116 
3-25 
134 
144 -- --- 
114 
125 
134 
145 
132 
137 
128 
131 
122 
127 
115 
125 
73 
2 
Table IV-11. Temperature d i s t t i b u t i c  I data for specimen 6. 
A l l  .temperacures arc i n  dcgtec3 Fahrenheit. 
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t o  monitor hea t ing  am1 cooling H20 l i n e s .  Thermocoriples 13 and 14 cere 
placed on the  o lds ide  of t h e  cooling tube and do n o t  r ep resen t  the act- 
ual t e s n e r a t u r e  of t h e  cool ing water, but represent the AT across the 
cold end of the p l a t e .  
c 
Temperatures 1 through 10 were p l o t t e d  i n  Figures 
IV-10 through IV-24 and r ep resen t  t he  temperature ' i s t r i b u t i o x 3  along 
the specimens. 
thermal conduct iv i ty  of the joints f o r  each test condi t ion.  
Tliecie p l o t s  were used with  tSe EF% to  determine t h e  
sampie 
c a l c u l a t i o n  showing the procedure used is gtven below (Figure JV-9 shoqs 
a sample t e s p e r a t u r e  d i s i x i b u t i o n  p l o t  which i n d i c a t e s  how t h o  values 
used i n  t h e  calcuLatfons wcre obta ined) :  
Plate. 1 = 16  f t . l b s .  Torque ---- - 
Applying equat ion  3.frm Chapter I1 to  secLions 1 and 2, He g e t  t h e  
following : 
*2 1.875 in .  
k2 -s - kl = - kl = 14179kl 4.40 in.' - 2.81 in. 
*e 
Applying equation 3 t o  spedmens  2 and 6 gives: 
BTU 
is, L = 1.187ki = 136.1 hr.ft.oF 
Applying e q u a t t m  4 t o  s e c t i o n s  1 and 2, y i e l d s :  
A T 1  = (211 - 158)'F 53'F 
AT2 (158 - 128)OF = 30°F 
x1 = 2.81 i n ,  
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"2 = 1.875 in.  
@plying egu+~o~: t '.o sections 2 aad 3, w e  get thc  following: 
- 
- - - - 
- Sioilar calculatZoz~s aerercarried out far each of the distribution 
- p h t s  ap-0 the resul-ts are r&u~Xazcc! in Table IV-12. 
- 
M s c  included i n  this table are. the results of t e s t s  7 and 4 +I 
kfcrence 7 a d  t s t  h 4 / Z  Refercace 5.  The temperature d i s t r i h e  
- 
&ions obtained in these s t u d i e s  were replotted in FSgptes I'd-25, IB- 
26, and-IV-27 and- used with the Em to detemitie the the- coaduc- 
t i v i t y  of the respective specimens. 
deference 7 vas an aluminw lap jo in t  very similar to the ones used in 
this  scudp arid was torqued t o  8 r'c.lbs. and tested i u  a vacum. Test 
4 of Reference 7 sas the same rpcciwn as test 3 of this study; but a 
torque of 15 ft.lbs. was  used. 
Reference 5 was a copper l a p  j o i n t  fastened w i t h  flathead screws. 
- 
The specisen in test 3 of 
- 
- 
- 
The specicen used i n  test A-4/1 i n  
- 
It fs apparent from Table IF12 thac torque and surface S n i s h  : 
have very l i r t l e  effeLr. on the value of k2 and the only important para- 
meter shown in c h i s  data is plate  material. E- p l o t  of surface finish 
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versus  k2 is g iven- in  Figure 11'-33. The t h r e e  vzlues of k2 obtain:?d 
from thz  th ree  torques on each p l a t e  were e--eraged and plotted as shorvn. 
These ifidicate the i ndependexe  of s w f a c e  f i c i s h  or. k2. h merag-  of 
all da ta  with s b i l a t  valxes  of torque and plate material vas 
t h e  r e s u l t s  p l o t t e d  ir. Figure K-32. 
p l o t t e d  here. 
The d a t a  froor XeEerence 
This  shows t h a t  bp is v i r t u a l l y  independent of 
made and 
7 is also 
to rque  
over  t h e  range of torqcles s e d  and for these,part&cu?.ar specimen. 
f ina l  variable- deEonszrated by. t h i s  da t a  is p l a t e  material. 
The - - 
- 
- 
It is d i f f i c d t  to assess t h e  in f luence  of each na$erial property,  
but siqcs k2 is a linear ftinctioil,of kl, it  is oh-ious that t h e  g e a f e r  
- 
- - 
the e t e r i a l  themal c o m h c t i v i t y  the g r e a t e r  t h e  value of k2 if a l l  
ottx6r v a r i a b l e s  coulci be held cuns ta r~ t .  However, there is a d e f i x i t e  . 
chaLga in the j o i n t  conduct iv i ty  ra t io  (k2/ki) for a l w i n u n  a?? stain-  
C 
less steel. m the d a t a  i n  Re€erence 5 
also support& t h i s  t rend ,  b u t  can't be used cooclusi 'iely s i n c e  t h e r e  is 
considerzble d i f f e rence  i n  the geonetzy of this s p e c h e n  as cmpared  to 
our spGcimens. < Figure _1V-28 is a p l o t  of t h e  t h r e e  material p r o p e r t i e s ,  
which are considered t o  have an ' influence,  versus the conduct iv i ty  r a t i o .  
In Figure IV-29, t hese  p r o p e r t i e s  are p l o t t e d  against L2. 
presoc ted  ia Figures IV-28 and IV-29 ind ica t r -  t h a t  t h e  e f f e c t  of thermal 
conductivity is oppos i te  toL the  e f f e c t  of hardness and modulus of elas- 
The va lus  for copper obta ined  
- 
_ _  
- - 
b 
The p l o t s  
L 
- 
t i c i t y .  It m u s t  be pointed out  t h a t  olily the  da t a  obta ined  in t h i s  
s t u d y  can be used conclusively because t h e  specimen used i n  References 
5 and 7 were not cons t ruc ted  to :he same geometrical pararneters as the 
specimen used i n  t h i s  study. 
8 --mi& s t d y  
+- - Zefcrencc 7 
A - Reference 5 
0 
c 
. --,-- I L . - .  . 200 0.5 0 3.0 0’ - 
1 AI - 1  .-.+,___.-. i 0.5 -- I 
0 10 - io 30 
Modulus of Elast ic i ty  (PSI X lo6) 
Figurk 1V-28. Plots of material properties of the 
plates  versus conductivity ratio. 
k-2 
Modu1.u~ o f  Elas t i c i ty  (PSI X lo6) 
Figure IV-2s). Plots of material properties 
of the plates versus k2. 
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conduct ivi ty  are many. There is not  5ur ' f ic ier . t  da t a  i n  the previous 
. ' i t e r s tu re  o r  froin t h i s  s tudy t o  conclwsively define the in f luencz  oi' 
ea& of t5ese va r i ab le s ,  but  t he re  is s u f f i c i e n t  d a t a  to predict the 
t rends  of sorat= of these  va r i ab le s .  
t hese  t r ends  i n  t h e  f o m  of p lo t s .  
below. 
Figures 7V-30 bnd 2V-31 present  
Each p l o t  in order is discussed 
Inter f ac.2 Press  we 
Most of t h e  re ferences  suppor t  the tred pres=-zed i n - p l e t  1. 
T h e m z l  conduct ivi ty  increases as pressure  incrCas_es tixi-?. apprcsrinately 
150 psi. The effect of pressure then  d2'ninishes a d  &\e coi lC;-wSvi~ 
is coEstant. The 2veragF ' in te r face  pressure u$ed 02 t h e  specirl.=Elr; in 
t h i s  s tody is apprcxiaa te ly  1000 psi f a r  4 f t . l b s ,  of - ique ai?d 6500 
psi for 28 f t - l b s .  The data taken over t k d s  r a q y  S C ~ F O ~ Z ; ?  c L e  ixxk- 
pendence of thermal u n d t i c t i v i t y  cn pressure  at higher- pressures. 
Figure JV-32 indicates the averaged i e s u l t s  o5tained. 
t h e  average of a l l  conduc t iv i t i e s  c?lc;latcd Erom t h e  data taken a t  a 
p a r t i c u l a r  torque f o r  t he  indicaced p l a t e  mater ia l .  
Each p o i n t  Zs 
- 
-_ 
Surface 
Of 
s u r f a c e  
c reases  
is poor 
Roughness 
the  seve ra l  previo-us s t u d i e s  which predic ted  t h e  m f l u z n e e  of 
f i n i s h  on Zoint conduct ivi ty ,  a l l  agreed that conduct iv i ty  dr- 
with increas ing  roughness as shown i n  plot 2. 
agreement wi th  respec t  to t he  magnitude of 'he inf luence.  The 
However, t h e r e  
only conclusions which car, be made i n  l igh t .  of t he  a v a i l a b l e  data is 
t h a t  conduct ivi ty  decreases  with increas ing  roughcess and t h a t  t h e  
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PL3T 2 
k2: 
- 
'- PL:X 3 ?LOT 3 
PLOT 5 
F5gure I\;-30. Generalization p l o c s  of the  
trends of p e r t i n e n t  paraazters. 
PLOT 7 
PL9T 9 
J 
a' 
PMT 11 PLOT 12 
Figure IV-31. Cerieralizatior. ?lots of the trenZs 
of pertinent psriineters (continued.) 
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Figure IV-32. P l o t  of Torque versus Kz. 
decrease is greater the lower the interface pressure. The data taken 
i n  this study indicates only a sg l l  decrease i n  conductivicy with in- 
creasing roughness over a range of 16 RNS to  125 KYS. 
shon i n  Figure IV-33. 
This data is 
S6 
n- 
Y 
c y -  
x 
Figpre. IV233. P l o t  of Surface Finish versus KZ. 
Slrrface k'aviness 
~ -- 
The only s ign i f i cant  data concerning surface uaviiiess vas found in 
Reference 18 which stater  chat an increasc in waviness produces an in- 
crease in resistance which "is small for small waviness and large ai 
large waviness. A small amount o f  surface roughess has a- large  effect 
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. on waviness at l i g h t  pressures."- Plot 3 is based solely on t h i s  
in forna t ion .  
of uaviness  . 
There w a s  no at tempt  ir, t h i s  s tudy t o  de f ine  the  e f f e c t  
- 
Mater ia l  Hardness --- 
It is d i f f i c u l t  t o  de temint ;  t he  e f f e c t  of -the various p l a t e  metal- 
l u r g i c a l  pa raae te r s  on joint conduct iv i ty  -becailse of t h e  probleia 'of 
g e t t i n g  s?eciraen paterials which are similar enough- tha t  only one vari-' 
a b l e  can-be  studied at  I the. 
khat c c x h c t i v i t y  decreases  
and-the invesf5gators  oil t h i s  s tudy tead  to agree vi th t h e i r  opinions,  
However, Refereaces 17  and 18 agree  
hardness increases' as shown %n p l o t  4 ,  
- 
c - - - 
Hzterial' E l a s t i c i t y  
Very l i t t l e  inf&mation is a v a i l a b l e  ' c c n c e d n g  the e f f e c t  o f  
. -  
e l a s t i c i t y .  - Plot 5 is based on a ,?lot given i n  Reference 18. ' _ _  
- k 
Xa:&rial K e a 1  Coilductivity 
The value'of k; increases as the conduct iv i ty  of the p l a t e  m e t a l  
i nc reases ;  however, t h e - r a t i e  of -- k2 decreases  as k2 increases .  Data 
ki A. 
w a s  taken from References 5 and 7 and conbined wi th  the results from 
th is  sttdy to for;r: the plot presented in Figure IV-34 .  
n o t  bc considered as conclusive da ta  becase of the diftrmmi@s f n  
j o i n t  conf igura t ion  for tse test. specimens 'in escb rcfsrimx. 
%bh plot should' 
\ 
Hysteres i s  
Plot 7 shows the hysteresis e f f e c t  noted by References 14, and 
17. 
h y s t e r e s i s  exist but  i t  is reasonable to assume - t h a t  there is an effect. 
No e f f o r t  was made i n  this study t o  determine whether or not 
50 150 200 - ,250 
- BTU -: 
hr. ft . 'F* 
Figure ZrJ-34. Plot of Ki versus % in. 
Creep 
The value of k2 increases as time increases. 
at first and eventually k2 approaches a consta1.t. 
bel ieves  that the area of microscopic -0ntac-t increases with inmeas ins  
The iacrease i s  large 
This investigator 
- 
t i m e  and thus increases k2. Reference 18 states, "the resistance 
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decreases  cor t inuous ly  and f i n a l l y  assuiies a cons tan t  lcvel ."  Reference 
4 a l s o  agrees  with t h i s  conclusion. 
Amount of  Cycling --
P 1 ~ 1  9 shows t he  e € f e c t  bn kp of  t h e  number of times a j o i n t  has 
been cycled.' Cycling is s i n g l y  t h e  loading  Snd unlozding of t h e  j o i n t  
to ob ta in  c o c s i s t a n t  results. 
or 3 cycles  a t  high loads.  
as the number of  cyc le s  increases .  
f u r t h e r  cycl .g has  no e f f e c t . .  
Reference 14 states t h a t  t h i s  r equ i r e s  2 
The e f f e c r  of cyc l ing  is an i nc rease  i n  k2 
Eventually,  k2 becomes constar& and 
' Inters  ti t i a l  ^Gas Pressure- 
- 
The value  of k2 is considerably.  increased  as t h e  anbien t  f l u i d  
pressure  is increased From a hard vacuun to a t w s p h e r i c  pressure ,  
10 i n d i c a t e s  t h i s  e f f e c t  and is s u m o r t e d  by References 15 and 18. 
P l b t  
Data 
taken iq t h i s  s tudy  also suppor ts  this p lo t .  
the temperature d i s t r i b u t i o n  obcained wi th  test spcciplen 3 a t  16 f t . l b s .  
of to rque  i n  a vacuum, 
t h e  same-specimen a t  t h e  same to-que b x t  at amj ien t  pressure.  
Figure I!?-35 is a p l o t  of 
Figure IV-36 is t h e  temperature  d i s t r i b u t i o n  f o r  - 
The in- 
for crease i n  k2 is' from 136.1 hr.ft.-F f o r  vacuum t o  165.0 hr.ft,uF BTU 
ambient, whicn r ep resen t s  a 21% increa.. e. 
J o i n t  Temperatvre 
P l o t  11 represen t s  t h e  e f f e c t  of  j o i n t  t enpe ra tu re  on kZ. Frost of  
Tne value  of k2 i nc reases  gradual ly  the  re ferences  support  t h i s  t rend.  
and l i n e a r l y  as t h e  temperature oi t he  30; it increases .  
suggests  t h a t  t h i s  t rend  holds  until the  temperature exc3eds 1000°F. 
Above t h i s  temperature,  i t  is suggested t h a t  the  inc rease  is much inore 
rapid.  
Rnference 18 
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Amaunt of Prelcad -
Reference 16 states 
inc reas ing  t h e  amount of 
t h a t  the value of kq can be  increased  by 
t h e  preload appl ied  t o  t h e  j o i n t .  By over- 
i o a d h g  the mating su r faces  of t h e  p l a t e s ,  t h e  small peaks - can be 
p l a s t i c a l l y  deformed and w i l l  - permit- an inc rease  i n  d -c roscop ic  con- 
tact area.? This  i nc rease  i n  ka is l a r g e  i n i t i a l l y ,  and becomes 
s2tignt a t  high londirlg k o a d i t i m s .  
,. - 
Some of the  above t r ends  are no t  c o n c l l s i v e l y  supported by data .  
~ - 
I n  f a c t ,  t h e r e  is a seve re  l a c k  of good d a t a  involv ing  most of the 
parameters. 
- 
Caution should be observed i n  w i n g  t h e s e  t r e n d s  o r  any 
o t h e r  j a i n t  conduct iv i ty  data .  
techniques of t h e  r e spec t ive  i n v e s t i g a t q r  ( s )  should b e  c l o s e l y  
s c r u t i n i z e d  be fo re  t h e  d a t a  or conclusions are uscd. 
The assumptions and experimental  
V. CONCLUSIONS Ah9 RECOXENIATTONS 
It has been shown i n  this study that t h e r e  a r e  t h r e e  important types of 
p l a t e  de f l ec t ions  which m u s t  be considered i n  any study of  t h e  r eac t ion  of 
bol ted  or r ive t ed  j o i n t s  t o  static loading condi t ions.  Any a n a l y t i c a l  neth- 
od of pred ic t ing  j o i n t  thermal conduct ivi ty  must inc lude  a method of pre- 
d i c t i n g  t h e  response of t h e  p l a t e s  t o  h p a r t i c u l a r  set of t hese  locking con- 
d i t i ons .  It m u s t  also inc lude  a method of pred ic t ing  i n t e r f a c e  thermal con- 
ductances f o r  numerous parameters. The i n v e s t i g a t o r s  on t h i s  pro,ect are of 
t h e  opinion t h a t  such an a n a l y t i c a l  method cannot he formulated without many 
assumptions and approximations w h i c h  wi l l  eventua l ly  render  t h e  method ins-  
I 
curate .  The r e s u l t i n g  equat ions t h a t  w i l l  have t o  b e  solved wil l  be  l a r g e  
i n  size and number, and t h e  s o l u t i o n s  to the equat ions  ill be extremely 
complicated. 
t i c a l - s o l u t i o n ,  such as t h e  experimental  mezhod presented i n  this  study. 
For t h i s  reason, t h e  i n v e s t i g a t o r s  have sttggested a more prac- . 
The EFM r equ i r e s  that temperature g rad ien t s  be obtained on both  s i d e s  
o f  t h e  joi .nt  f o r  which the  the& conduct ivi ty  m u s t  be  determined. This 
can be obtained frbm t h e  actcal j o i n t  or from a model. 
t h e  j g i n t ,  k2, can e a s i l y  and quickly b e  ca lcu la ted  from these  grad ien ts .  
This  value of k2 reprecents  t h e  thermal conduct ivi ty  of an equiva len t  s e e -  
tion of metal wi th  the same length  as t he  overlapped s e c t i o n  and cross- 
The conductrvi ty  Gf 
s e c t i o n a l  a r e a  as the  parent  m e t a l .  The simple hea t  conduction equat ion,  
AT 
Ax 
q = kA -, can be used t o  de f ine  t h e  hea t  flow through t h e  j o i n t  as w e l l  as 
t he  parent  metal. 
overlap,  1) w i l l  be constant  f o r  t he  p a r t i c u l a r  j o i n t  i n  quest ion.  
The values  of k2, A, and Lsx ( A x  = l ength  of p l a t e  
I f  t h e  
93 
94 
amount of hea t ,  q, t o  be d i s s ipa t ed  through t h e  j o i n t  is known, then A T  can 
e a s i l y  b e  ca l cu la t ed  and vice versa. 
In some cases, i t  may be  mcra cowenfen t  t o  expr-.ss t h e  hea t  flow capa- 
b i l i t y  of a j o i n t  i n  terms of  o v e r a l l  conductances or r e s i s t s n c e s  such as 
U - kP, or Ii = _. 1 For t h i s  s t r d g ,  t h e  use of a j o i n t  conduct iv i ty  was satis- -T U 
fac tory .  
The g r e a t e s t  drawback t o  =-experimental  me:tlod o f  determining j a h t  
conduct ivi ty  is t h a t  i n  many i n s t ancas  temperature gradi,-mts c;nnot -be dc- 
termined f o r  t h e  actual j o i n t  being used and a model m u s t  be  const .ucted.  
If an extremely l a r g e  number of j o i n t s  are involved, then  man)- models would 
need to  be constructed and t e s t ed .  
ized such t h a t  a l l  j o i n t s  will be similar i n  shape and d i f f e r  only by a 
gemetrical scale factor, then only one nodel m s t  be  cons t ruc ted  azld tested, 
Through t h e  use of t h e r n a l  s c a k  laodeling techtiiques - (%der i & x i t i g a t i o n  
by Dr, H a p l e s ' h  Mechanical Engineering a t  LSU), thc conduct iv i ty  of all t he  
joints i n  the  s tandard ized  group can b e  determined. T h e  s u c c a s  of any 
Xovever, if t h e  j o i n t s  c m  be  standard- 
\ 
other method of d e t e m i n i n g  j o i n t  ccnduc t iv i ty  *y depend on j o i n t  s t a d a r d -  
i z a t i o n  also. There is an i n f i n i t e l y  l a r g e  v a r i e t y  of bol ted  and r i v e t e d  
j o i n t s .  A s i n g l e  a n a l y t i c a l  s o l u r i o n  cannot inc lude  every type of j c i n t .  
Qnly by s t a n d a r d i z i i g  o r  groitping similar j o i n t s  can a s o l u t i o n  be formul-ited. 
I f  an a n a l y t i c a l  s o l u t i o n  is to be sought, then  th-. appmach used Sn 
Refcrence 7 r ep resen t s  a l o g i c a l  approach. In  that re ference ,  m a n a l y t i c a l  
s a l u t i o n  t o  de f ine  p la t6  responses t o  loading condi t ions  w a s  f x m u l a t e d  and 
prograxmetl on a mapu te r .  
coupled with an a n a l y t i c a l  s o l u t i o n  t o  the hea t  flow t5rough the  j o i n t .  
This approach, i n  cheory, s h o d d  p r e d i c t  the  thermal co?dusttvit.y of a j o i n t .  
The information obtained from t h i s  program was 
Xowevr, o d y  a limited rider of variables which inf'uence joint 
conductivity have been included i n  the analysis in ReZerence 7. 
type of approach is co be accurate, then a l l  of the pertinent variables 
nust be considered. 
If th i s  
In conclusfm, the EFX is a method of determining joht  thermal con- 
I t  can be used on jo in t s  ductivity an3 can be vsed on an+ type of joiht. 
with any type of boltlng or rivetitig pattern, with any type of interfacial 
f i 3  ler material, or any &her- paraeter or combiu2tion of parameters. TII~  
ERI essentizlly x c a u  the jo int  as a black b o x  and is nat concerned with 
&at is i n  the black box. 
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